In order to clone the peafowl (Pavo cristatus) Toll-like receptor 7 (TLR7) gene and study its biological function, the peafowl TLR7 coding sequences (CDS) were amplified by PCR of cDNA from the whole spleen of peafowl. The full-length sequence of the peafowl TLR7 gene CDS is 3,141 bp and encodes a 1,046-amino acid protein with a classic TLR composition of 16 leucine-rich repeats (LRR). Insertions of amino acids were found at position 15 of LRR2, LRR5, LRR7, LRR9, LRR11, LRR12, LRR14, and LRR15; and position 10 of LRR11. Reverse transcriptasepolymerase chain reaction (RT-PCR) analysis showed that the peafowl TLR7 gene was highly expressed in lymphoid tissues of the spleen, bursa, bone marrow, lung, and peripheral blood mononuclear cells (PBMC). HEK293T cells were transfected with a peafowl TLR7 plasmid, and functional analysis showed that peafowl TLR7 could respond to R848, leading to activation of NF-κB. Following R848 stimulation or Newcastle disease virus infection of peafowl PBMC, the levels of IL-1β, IFN-γ, CCLi2, and TGF-β4 mRNA, assessed by quantitative real-time PCR, increased significantly. Triggering peafowl TLR7 results in upregulation of inflammatory cytokines and chemokines, suggesting that peafowl TLR7 plays an important role in the innate immune response.
INTRODUCTION
The innate immune system is the first line of defense against invading microbes, and the innate immune response can be triggered by recognizing pathogenassociated molecular patterns (PAMP) through pattern recognition receptors (PRR) (Akira et al., 2006) . Toll-like receptors (TLR) form part of an ancient family of PRR and play a critical role in triggering downstream signaling cascades to initiate immune responses against invading pathogens (Schnare et al., 2001) . TLR are type I transmembrane glycoproteins with an ectodomain of leucine-rich repeat (LRR) motifs that participate in pathogen recognition, a transmembrane domain, and a cytoplasmic Toll/IL-1 receptor (TIR) domain involved in signaling and physical localization of the TLR (Akira et al., 2006; Palti, 2011) . Upon activation, TLR recruit several TIR-containing intracellular adapter proteins, including myeloid differentiation primary response protein 88 (MyD88) (Akira and Takeda, 2004; Negishi et al., 2006) . TLR signaling via MyD88-dependent or independent pathways results in the activation of distinct and appropriate innate immune responses (Negishi et al., 2006) , including the production of proinflammatory cytokines, type-I interferons, and chemokines. TLR7, an important member of the TLR family, recognizes single-stranded RNA of viruses and synthetic anti-viral imidazoquinoline compounds, and plays a role in restricting the entry of viral pathogens.
Peafowl constitute an economically important bird species with high medicinal, food, and ornamental value. Recently, the peafowl farming industry has suffered from substantial economic losses because of various pathogenic infections caused by viruses (Ismail et al., 2010; Kumar et al., 2013; Fan et al., 2014) . Therefore, understanding the immune system of peafowl may contribute to the development of management strategies for disease control and long-term sustainability of peafowl farming. To date, several TLR7 have been identified in avian species, including chickens, geese, pigeons, and ducks (MacDonald et al., 2008; Qi et al., 294 2015; Ruan et al., 2015; Xiong et al., 2015b) , but there has been no published research on peafowl TLR7. In this study, we describe cloning and characterization of the peafowl TLR7 sequence, analysis of its expression in various tissues, and evaluation of its function in response to the agonist R848 (resiquimod). The results will provide useful information for understanding the innate immune response of peafowl to virus infection.
MATERIALS AND METHODS

Molecular Cloning of Peafowl TLR7
Peafowl (Pavo cristatus) purchased from the Mingxing Guoji peafowl breeding base (Nantong, China) were housed in isolators and fed with a pathogenfree commercial feed and provided with water. The procedures used in this study were approved by the Committee on the Ethics of Animal Experiments of Yangzhou University, Yangzhou, China. Total RNA was extracted from the whole spleen of the peafowl using TRIzol reagent (Invitrogen, Carlsbad, CA), and treated with DNase I (RNase-Free) (Takara Biotechnology Co., Dalian, China) according to the manufacturer's instructions. cDNA was synthesized from total RNA using PrimeScript 1st Strand cDNA Synthesis Kit (Takara) as a template for PCR. To clone the peafowl TLR7 (PeTLR7) gene, primer pairs (Table 1) covering the entire open reading frame (ORF) were designed based on the published nucleotide sequence of the TLR7 gene from a chicken (GenBank ID: CAF28878). PCR was carried out in a reaction mix with a volume of 50 μL that contained 1 × PrimeSTAR Buffer (Mg 2+ plus), 200 μM of each dNTP, 0.2 μM of forward and reverse primers, 1.25 U of PrimeSTAR HS DNA Polymerase, and 200 ng of cDNA template. PCR procedures were as follows: 1 cycle of 94
• C for 5 min; then 30 cycles of 95
• C for 30 s, 60
• C for 30 s, and 72
• C for 3 min; followed by 1 cycle of 72
• C for 10 minutes. The amplified PCR product was purified and ligated into the pCR2.1-T plasmid using a TA Cloning Kit (Invitrogen).
Following transformation into Escherichia coli DH5α competent cells (Takara), recombinant plasmids were identified by PCR and restriction enzyme EcoR V and Xho I (Takara) digestion, named pCR2.1-PeTLR7, and sequenced by GenScript (Nanjing, China).
Sequence Analyses
DNAstar software and the Expert Protein Analysis System (ExPASy, http://www.mrc-lmb.cam.ac.uk/ genomes/madanm/pres/swiss1.htm) were used to analyze the nucleotide and deduced amino acid sequences of peafowl TLR7. Signal sequences and motifs were predicted using the Simple Modular Architecture Research Tool (SMART), and a similarity analysis was performed using the NCBI BLAST search program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Alignments were performed using ClustalW (http://www. ebi.ac.uk/clustalw/) and edited in the Genedoc program. Phylogenetic analysis was conducted on amino acid sequences using MEGA 5.1 software (http://www. megasoftware.net), and a phylogenetic tree was constructed using the neighbor-joining method and a Poisson correction model with 1,000 bootstrap replicates.
Quantitative Real-time PCR Analysis of Peafowl TLR7 Expression in Tissues
To measure the mRNA expression levels of TLR7 in peafowl tissues, quantitative real-time PCR (qPCR) was performed. Briefly, various tissues [heart, liver, spleen, lung, kidney, large intestine, small intestine, cecum, muscle, and peripheral blood mononuclear cells (PBMC)] of healthy peafowl were homogenized in TRIzol reagent (Invitrogen) and then used for total RNA extraction according to the manufacturer's instructions. Total RNA samples were treated with RNase-free DNase I (Takara) to remove contaminating DNA, and the cDNA was synthesized using the PrimeScript RT Reagent Kit (Perfect Real Time, Takara) following the manufacturer's protocol. The PeTLR7 mRNA expression in various tissues was determined by qPCR using SYBR Premix Ex Taq II (Perfect Real Time; Takara). Amplification and detection of specific products were carried out using the designed primers (Table 1) and an ABI 7500 Real-Time PCR System (Applied Biosystems, Carlsbad, CA) following the manufacturer's instructions. PCR was carried out in a 20-μL reaction mixture containing 10 μL of 2 × SYBR Premix Ex Taq II, 2 μL of the 5 × diluted cDNA, and 0.8 μL of each primer (10 μM). PCR procedures were as follows: 1 cycle of 95
• C for 30 s, then 40 cycles of 95
• C for 5 s and 60
• C for 34 seconds. A dissociation analysis of amplification products was performed at the end of each PCR to confirm that only one PCR product was amplified. The expression level of PeTLR7 was normalized to the geometric mean of the internal control β-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results are expressed as 2 −ΔΔCT (n-fold change compared to the PeTLR7 expression in heart).
Construction and Identification of Eukaryotic Expression Plasmid pcDNA3.1-PeTLR7
The plasmid pCR2.1-PeTLR7 was digested with restriction enzymes EcoR V and Xho I (Takara), and the PeTLR7 fragment was ligated with the pcDNA3.1 vector that was digested with the same restriction enzymes. Following transformation into competent E. coli DH5α cells (Takara), recombinant plasmids were identified by PCR and restriction enzyme digestion, and named pcDNA3.1-PeTLR7.
Functional Analysis of Peafowl TLR7
For transfection experiments, HEK293T cells were grown in 24-well plates until 70% confluence was reached. Transient transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were co-transfected with 400 ng pcDNA3.1-PeTLR7 or pcDNA3.1 plasmid DNA, and 400 ng of reporter pGL4.32 (luc2P/NF-κB-RE/Hygro) plasmid DNA (Promega, Madison, WI). At 24 h post transfection, endotoxin-free R848 (Enzo Life Sciences, Farmingdale, NY) was added at a final concentration of 2.5 μg/mL. After stimulation for 5 h, cells were harvested to measure NF-κB-induced luciferase activity using the Bright-Glo Luciferase Assay System (Promega). In order to determine that PeTLR7 respond specifically to R848, the pcDNA3.1-PeTLR7 and pGL4.32 (luc2P/NF-κB-RE/Hygro) co-transfected cells were stimulated with various TLR ligands, including Pam3CSK4 (2.5 μg/mL, TLR1/2, InvivoGen, San Diego, CA), Poly(I: C) (2.5 μg/mL, TLR3, InvivoGen), LPS (1 μg/mL, TLR4, InvivoGen), Flagellin (100 ng/mL, TLR5, InvivoGen), FSL-1(2.5 μg/mL, TLR2/6, InvivoGen), R848 (2.5 μg/mL, TLR7), and CpG-ODN (5 μg/mL, TLR9, InvivoGen). The medium treatment was used as control. After stimulation for 5 h, cells were harvested to measure NF-κB-induced luciferase activity as above.
Peafowl Peripheral Blood Mononuclear Cells Preparation and Stimulation
Peafowl PBMC were isolated from 10 mL of whole blood via density gradient centrifugation as previously described (Pan et al., 2012) and cultured in RPMI 1640 medium containing 10% fetal bovine serum, 1% penicillin/streptomycin, and 2 mM L-glutamine at 41
• C. Cells were plated into 24-well plates at 4 × 10 6 /mL. One group of cells was stimulated for 6 h with the TLR7 agonist R848 at a concentration of 2.5 μg/mL. Another group of cells was infected with Newcastle disease virus (NDV) vaccine strain LaSota (Wuhan Chopper Biology Co., Wuhan, China), at an MOI of 1, and incubated for 6 hours. Untreated cells were regarded as controls. Then, the cells were harvested and stored at −80
• C for RNA extraction.
Quantitative Real-time PCR Analysis of PeTLR7 and Cytokines Expression
Total RNA was extracted from the harvested cells using Trizol reagent (Invitrogen) according to the manufacturer's instructions. The mRNA expression levels of peafowl TLR7, IL-1β (Y15006), IFN-γ (Y07922), CCLi2 (L34553), and TGF-β4 (M31160) were quantified by qPCR using SYBR Premix Ex Taq II as described above. The primers used for qPCR are shown in Table 1 . The expression level of PeTLR7 was normalized to the geometric mean of the internal control β-actin and GAPDH. Results are expressed as 2 −ΔΔCT (n-fold change compared to the untreated control group).
Statistical Analysis
Statistical significance was assessed using the Student's t test with Instat version 5.0 (GraphPad Software, San Diego, CA). Statistical significance was set at P < 0.05 ( * ), P < 0.01 ( * * ), or P < 0.001 ( * * * ).
RESULTS
Characterization of The Peafowl TLR7 Gene
The entire coding region of the TLR7 gene from peafowl was amplified by RT-PCR. Sequencing results showed that the peafowl TLR7 gene contains an ORF of 3,141 bp, which encodes a protein of 1,046 amino acids. The sequence was submitted to GenBank and assigned the accession number KX712249.
Prediction of protein domains using SMART (http://smart.embl-heidelberg.de) revealed that the putative amino acids exhibited a typical TLR domain architecture, including a signal peptide (residues 1 to Figure 1 . Alignment of TLR7 amino acid sequences from different species. Human (Hu), mouse (Mo), chicken (Ch), duck (Du), and peafowl (Pe) TLR7 sequences are shown. Sequences were aligned using ClustalW and edited using Genedoc. In the peafowl sequence, the predicted signal peptide and leucine-rich repeat N-terminal (LRR-NT) and C-terminal (LRR-CT) domains are underlined. The leucine-rich repeats and Toll/IL-1 receptor (TIR) domain are indicated by a double continuous line and dotted line, respectively. The black shading indicates identical amino acids, and gray shading shows similarity. The asterisk symbol stands for the number of the amino acids. GenBank accession numbers for the aligned sequences are the following: duck, ABK51522; chicken, CAF28878; human, BAG55056; and mouse, AAK62676. 24) in the extracellular region, an N-terminal leucinerich repeat (LRR-NT, residues 32 to 63), 16 LRRs, a C-terminal LRR (LRR-CT, residues 780 to 832) in the extracellular region, and a Toll/interleukin (IL)-1 receptor (TIR) domain (residues 887 to 1033) in the intracellular region (Figure 1 ).
Sequence analysis showed that peafowl TLR7 contains 16 regions with the 24-residue motif XLXXLXLXXNXϕXXϕXXXXFXXLX, the LRR consensus sequence for TLR (Xiong et al., 2015a) . In addition, inserted residues were found in several LRR. Insertion of various amino acids occurred at position 15 of LRR2, LRR5, LRR7, LRR9, LRR11, LRR12, LRR14, and LRR15. LRR11, in particular, contained a long insertion at position 10, following the consensus Asn residue. In addition, a short repeat with Pro residues near the C-terminal end was present in LRR1, LRR2, and LRR12 at position 15 (Figure 2 ).
Sequence Analysis of TLR7
A BLASTp search revealed the similarity of PeTLR7 with other TLR7 molecules ( Figure S1 ). The identity of peTLR7 to chicken TLR7 was 94.8%, that to other avian (pigeon, duck, and goose) TLR7 was 82.3 to . Quantitative real-time PCR analysis of the TLR7 gene in various tissues of peafowl. Total RNA was extracted from different tissues of a healthy peafowl and reverse transcribed to cDNA, and PeTLR7 mRNA expression was determined by qPCR. PeTLR7 mRNA levels in various tissues were expressed as n-fold change compared to the PeTLR7 expression in the heart. 86.6%, that to mammalian (cow, pig, horse, human, monkey, and mouse) TLR7 was 62.1 to 66.1%, that to the African clawed frog TLR7 was 62.5%, and that to fish (fugu, carp, and zebra fish) TLR7 was 55.8 to 57%.
To elucidate the molecular evolutionary relationship between TLR7 in peafowl and other species, phylogenetic analyses were performed on the amino acid sequences of the full coding region of TLR7 using the neighbor-joining method. As shown in Figure 3 , the phylogenetic tree was divided into 4 major branches. TLR7 protein sequences from avian species formed one group, those from mammals formed another, Xenopus tropicalis constituted a batrachian group, and those from fish formed a fourth group. Among the examined species, the peafowl TLR7 sequences was closest to that of chicken TLR7.
Expression of Peafowl TLR7 mRNA in Different Tissues
To investigate the expression of TLR7 mRNA in normal peafowl tissues, a qPCR analysis was performed. As shown in Figure 4 , the PeTLR7 gene showed variable expression levels in different tissues. It was highly expressed in the lung, spleen, bursa, bone marrow, and PBMC. Low expression was detected in the heart, liver, kidney, large intestine, small intestine, and cecum. Minimal expression was observed in the muscle.
Functional Analysis of Peafowl TLR7
To evaluate the response of peafowl TLR7 to R848, the effect of R848 stimulation on NF-κB activity was determined. As shown in Figure 5A , compared with the level of luciferase activity in cells transfected with the empty pcDNA3.1 vector and stimulated with R848, the luciferase activity induced in pcDNA3.1-PeTLR7-transfected cells with R848 stimulation was significantly higher (P < 0.001). In addition, compared with other TLR ligands, only R848 could induce significantly higher (5.70-fold, P < 0.05) luciferase activity in pcDNA3.1-PeTLR7-transfected cells relative to the control group ( Figure 5B ). This result indicated that peafowl TLR7 responds specifically to R848, activating NF-κB. . Levels of TLR7, IL-1β, IFN-γ, CCLi2, and TGF-β4 mRNAs in peafowl peripheral blood mononuclear cells (PBMC) following R848 stimulation or NDV infection. Peafowl PBMC were isolated from whole blood of healthy peafowl. Data shown are the fold changes in mRNA expression compared with expression in the control, based on triplicate repeats and determined by quantitative PCR. Error bars indicate standard deviations of the means. Statistical significance was set at P < 0.05 ( * ), P < 0.01 ( * * ), or P < 0.001 ( * * * ).
Effect of the NDV Vaccine Strain LaSota and Agonist R848 on The Expression of Peafowl TLR7 and Inflammatory Cytokines in PBMC
To evaluate the effect of the TLR7 agonist R848 and NDV on the induction of host responses, the mRNA expression levels of peafowl TLR7 and cytokines in PBMC were determined by quantitative PCR following treatment with R848 or infection with NDV. The mRNA expression levels of peafowl TLR7 in R848-treated PBMC were similar to those in mock-treated PBMC. However, TLR7 mRNA expression levels in the NDV-infected group were significantly increased (2.4-fold) when compared to the mock-treated group (Figure 6 ). The expression of inflammatory cytokine IL-1β in the R848-treated and NDV-infected groups showed 1.8-fold and 7.2-fold upregulation, respectively. The mRNA expression of chemokine CCLi2 was also significantly upregulated in the R848-treated and NDVinfected groups (2.1-and 15.4-fold, respectively). The antiviral cytokine IFN-γ showed the same tendency as that of IL-1β and CCLi2; it was significantly increased in the R848-treated and NDV-infected groups (1.9-and 258.2-fold, respectively). Interestingly, the anti-inflammatory cytokine TGF-β4 was also significantly induced in the R848-treated and NDV-infected groups (12.5-and 3.4-fold, respectively) ( Figure 6 ).
DISCUSSION
TLR are PRR are vital to activating the innate immune response to invading pathogens through their recognition of PAMP (Takeda et al., 2003) . To date, 13 TLR have been identified in mammals, and 10 have been found in avian species (Wei et al., 2011; Chen et al., 2013) . In mammals, TLR7 recognizes single-stranded viral RNAs and antiviral imidazoquinoline compounds (Akira et al., 2006) . In contrast to mammalian TLR7 orthologs, little is known about the sequence variation and biological function of avian TLR7.
In the present report, the full-length cDNA of peafowl TLR7 was successfully cloned and sequenced. The 1,047 amino acids of the protein were encoded by a single peafowl TLR7 ORF. The secondary structure of peafowl TLR7 was predicted using the SMART program. In general, peafowl TLR7 has a typical TLR sequence (Medzhitov, 2001) , which consists of extracellular LRR, a transmembrane domain, and an intracellular TIR domain. However, peafowl TLR7 also exhibits some structural features that are different from other avian and mammalian TLR. For example, the LRR repeats varied between species. Peafowl TLR7 possesses 16 internal LRR repeats, whereas pigeon TLR7 has only 15, as determined by the SMART program (Xiong et al., 2015b) . In addition, the inserted residues were identified in several LRR domains, including LRR2, LRR5, LRR7, LRR9, LRR11, LRR12, LRR14, and LRR15 in peafowl TLR7 (Figure 2 ). These insertions in LRR were different from the consensus LRR motif XLXXLXLXXNXϕXXϕXXXXFXXLX (Xiong et al., 2015b) . Xiong et al. (2015a) found that residues inserted at position 15 of LRR2, LRR11, LRR13, and LRR14 and position 10 of LRR10 in pigeon TLR7 contributed to TLR7-NF-κB signaling. Current evidence suggests that the residues inserted at position 15 in LRR14 of human TLR5 contribute to flagellin binding, indicating that these irregular LRR can be crucial for PAMP recognition (Bell et al., 2003; Mizel et al., 2003) . Thus, the different LRR repeats of TLR7 between species may affect its functional role as a pathogen receptor. Therefore, the function of peafowl TLR7 LRR repeats should be determined.
The nucleotide and deduced amino acid sequences of peafowl TLR7 were analyzed. Phylogenetic analysis showed that the peafowl TLR7 sequence clustered with those of chicken, duck, goose, and pigeon TLR7, but was distinct from the TLR7 sequences of mammals, a batrachian, and fish, which supports the traditional understanding of animal evolution. Therefore, TLR7 can be used as an indicator of phylogenic relationships. The predicted peafowl TLR7 peptide showed the highest identity (94.8%) with chicken TLR7, which confirms the results of the phylogenetic analysis ( Figure S1, 3) . Additionally, the identity of peafowl TLR7 to mammal and other avian TLR7 ranged 62.1 to 66.1% and 82.3 to 86.6%, respectively, indicating that TLR7 is highly conserved across various species, and especially among avians.
The distribution of peafowl TLR7 expression in healthy peafowl tissues was determined in this study. Peafowl TLR7 mRNAs were detected in all examined tissues, which is similar to the findings for pigeon and duck TLR7 (MacDonald et al. 2008; Xiong et al., 2015b) that were found to be expressed in a broad range of tissues and cell types. However, the expression levels of peafowl TLR7 varied in the different tissues (Figure 4) . TLR7 was abundantly expressed in plasmacytoid dendritic cells, a major type of antigen-presenting cell (Hornung et al., 2005) . In this study, we also found that peafowl TLR7 was abundantly expressed in immuneassociated tissues, such as the spleen, bursa of Fabricius, and bone marrow. Interestingly, peafowl TLR7 was also highly expressed in the lung, which is the site of first viral contact. The observation that peafowl TLR7 is expressed in the lung and immune organs indicates that peafowl TLR7 may play a role in host innate immunity as a first line of defense against pathogens in these tissues. In addition, TLR7 expression in various tissues suggests that the expression of TLR7 is associated with the function of these tissues.
TLR7 is known to recognize single-stranded viral RNAs and antiviral imidazoquinoline compounds, including R848, resulting in the translocation of NF-κB (Zhou and Sun, 2015) . A previous study showed that R848 can activate NF-κB via pigeon TLR7 (Xiong et al., 2015b) . In this study, to evaluate the response of peafowl TLR7 to R848, we determined the effect of R848 stimulation on NF-κB activity. R848 induced significantly higher NF-κB activity in peafowl TLR7-transfected HEK293 cells than in control cells ( Figure 5 ). This result suggests that peafowl TLR7 functions in TLR7-NF-κB signaling and plays a role in the recognition of agonist R848.
In mammals, recognition of single-stranded viral RNAs and antiviral imidazoquinoline compounds by TLR7 can result in the production of pro-inflammatory cytokines and/or type I interferons and play a role in antiviral immunity (Smith et al., 2016) . To date, the response of avian TL7, including those of chickens, ducks, geese, and pigeons, to R848 have been studied (Philbin et al., 2005; MacDonald et al., 2008; Qi et al., 2015; Xiong et al., 2015b) , and avian TLR7 homologs have been shown to be important mediators of antiviral immune defenses in birds. In this study, we evaluated the effect of TLR7 agonist R848 and NDV on the induction of host responses. The mRNA expression of peafowl TLR7 was not statistically different from that of the controls following R848 stimulation of peafowl PBMC. This is similar to what was observed for goose and pigeon TLR7 (Qi et al., 2015; Xiong et al., 2015b) . However, TLR7 mRNA expression levels in the NDV infected-group were significantly increased when compared to the mock-treated group. Further studies are needed to ascertain the reason for this effect. In peafowl PBMC, both treatment with R848 and infection with NDV increased the expression levels of inflammatory cytokine IL-1β, chemokine CCLi2, antiviral cytokine IFN-γ, and anti-inflammatory cytokine TGF-β4. This is consistent with the finding that cytokine expression in pigeon PBMC was upregulated following either R848 treatment or NDV infection (Xiong et al., 2015b) . Our results suggest that peafowl TLR7 plays an important role in the innate immune response against viral infection.
In conclusion, we cloned and characterized the peafowl TLR7 gene, determined its expression in various tissues, and evaluated its function in response to the agonist R848. We also determined the mRNA expression levels of peafowl TLR7 and cytokines after peafowl PBMC were stimulated by R848 or infected with NDV. These data expand our knowledge of the relationship between TLR7 and innate immunity in peafowl.
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